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Abstract
Mechanisms influencing population fluctuations are an important component of fisheries ecology. Fishes can
be lost from populations due to mortality or emigration, potentially resulting in population declines. While
emigration in large open-river systems is well recognized, emigration may also occur in reservoirs that are
conventionally considered closed systems, potentially resulting in important population-level effects.
However, little is known regarding annual variation in reservoir emigration rates, the influence of reservoir
discharge on emigration, or the influence of emigration compared to mortality in regulating populations. We
used tagging data collected from 1990-2000 to evaluate the effects of various discharge patterns on reservoir
Walleye Sander vitreus emigration and the importance of emigration versus mortality for regulating the
population. Walleye annual mortality was variable, ranging from 0.05-0.46, but was similar between sexes.
Walleye emigration ranged between 0.02-0.26 and was best explained by variation in mean April discharge
and number of days discharge was >14 m3/s. Emigration rates were similar to mortality rates in five of nine
years but lower than mortality rates in the remaining four years, suggesting both processes likely contribute to
fluctuations in population abundance. Combined, our results indicate that wet years that require prolonged
reservoir discharge, even at relatively low rates, result in increased Walleye emigration, with up to 26% of the
population emigrating. Larger, more severe precipitation events are predicted to occur in the future as a result
of climate change, changing reservoir management plans, and threatening the sustainability of reservoir
fisheries.
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Abstract 
Mechanisms influencing population fluctuations are an important component of fisheries 
ecology. Fishes can be lost from populations due to mortality or emigration, potentially 
resulting in population declines. While emigration in large open-river systems is well 
recognized, emigration may also occur in reservoirs that are conventionally considered closed 
systems, potentially resulting in important population-level effects. However, little is known 
regarding annual variation in reservoir emigration rates, the influence of reservoir discharge 
on emigration, or the influence of emigration compared to mortality in regulating 
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populations. We used tagging data collected from 1990-2000 to evaluate the effects of 
various discharge patterns on reservoir Walleye Sander vitreus emigration and the 
importance of emigration versus mortality for regulating the population. Walleye annual 
mortality was variable, ranging from 0.05-0.46, but was similar between sexes. Walleye 
emigration ranged between 0.02-0.26 and was best explained by variation in mean April 
discharge and number of days discharge was >14 m
3
/s. Emigration rates were similar to 
mortality rates in five of nine years but lower than mortality rates in the remaining four years, 
suggesting both processes likely contribute to fluctuations in population abundance. 
Combined, our results indicate that wet years that require prolonged reservoir discharge, even 
at relatively low rates, result in increased Walleye emigration, with up to 26% of the 
population emigrating. Larger, more severe precipitation events are predicted to occur in the 
future as a result of climate change, changing reservoir management plans, and threatening 
the sustainability of reservoir fisheries. 
 
Introduction 
Understanding mechanisms that result in population fluctuations remains a critical 
focus of fisheries ecology. Populations are regulated by three dynamic rate functions: 
recruitment, growth, and mortality. Fish populations increase in abundance and biomass 
through births and growth and decrease through mortality. However, in addition to mortality, 
populations can also lose individuals through emigration. For instance, emigration is common 
in open river systems where large riverine fishes make long distance migrations, even when 
rivers are fragmented by dams. Examples of large distance lotic migrations include 
downstream movement of Paddlefish Polyodon spathula in Missouri River reservoirs 
(Pracheil et al. 2015) and Sturgeon Acipenser spp. movements on a number of rivers 
throughout North America (Jager et al. 2016). As a result, numerous fish passage projects 
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have been developed to facilitate passage around dams to facilitate fish spawning runs and 
various life history events (e.g., Geist et al. 2016; Jager et al. 2016).   
While long-distance movement of large riverine species is well recognized, 
emigration can also be important in systems more conventionally considered closed. 
Reservoirs are multifaceted systems common throughout much of the United States that offer 
a broad range of fisheries management opportunities as well as challenges (Allen et al. 2008). 
Emigration of reservoir fishes (loss of fish through reservoir outlet structures) has long been 
observed (e.g., Armbruster 1962; Lewis et al. 1968; Jernejcic 1986), but quantification of 
emigration and the subsequent consequences on populations has received little attention.   
Walleye Sander vitreus is one of the most commonly introduced fishes to reservoirs 
in the United States due to their popularity among anglers (Eby et al. 2006). Although 
Walleye movement among natural lakes can be high (Rasmussen et al. 2002; Herbst et al. 
2016), fish in natural lake systems have the ability to return to their initial lake of origin. In 
contrast, reservoir Walleye emigration results in the permanent loss fish from the population, 
acting as a source of reservoir population mortality. For instance, more than 25% of Walleye 
escaped from Rathbun Lake, Iowa, USA during a two year period (Weber et al. 2013). Adult 
Walleye densities in Rathbun Lake and other locations throughout the Midwest tend to be 
low due to limited or no natural recruitment and populations are subsequently maintained by 
stocking (Willis and Stephen 1987; Mitzner 2002). Thus, even low adult emigration rates 
from reservoirs may substantially reduce population densities. While quantitative estimates of 
reservoir fish emigration are improving (e.g., Wolter et al. 2013), they are limited, occur over 
a brief period of time (less than two years), and little is known regarding factors related to 
annual variation in emigration rates or the importance emigration has on fish populations 
relative to mortality.  
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Numerous factors are thought to regulate reservoir Walleye populations throughout 
their range, including mortality (e.g., Stone and Lott 2002) and emigration (e.g., Weber et al. 
2013). However, the relative importance of these two factors for regulating Walleye 
populations, or any other fish species, is unknown. In this study, we applied a live capture 
multistate model to a 11 year capture-recapture dataset to identify factors affecting Walleye 
survival, detection probability, and emigration in Lake Rathbun, Iowa, USA from 1990-2000. 
Second, we compared Walleye mortality and emigration rates to evaluate which factor was 
more important for regulating the population. Combined, this approach allowed us to 
compare the relative effects of mortality versus emigration for regulating a reservoir Walleye 
population while evaluating a suite of covariates that may be influencing mortality and 
emigration rates. These results provide new insights into processes and factors regulating 
reservoir fish populations that will enhance reservoir fisheries management. 
 
Methods 
Rathbun Lake is a 4,451 ha US Army Corps of Engineers reservoir within the 
Chariton River basin in Appanoose, Wayne, Lucas and Monroe Counties, Iowa, USA. The 
dam was constructed during the 1960s with gate closure in 1969 and operates for flood 
control, recreation and navigation benefits. The reservoir is a bottom-draw outlet with gates 
3.7 m high by 1.8 m wide. The reservoir is capable of releasing 161 m
3
/s but normal reservoir 
operation discharge rates range from <1 to 34 m
3
/s with a maximum allowable discharge of 
142 m
3
/s. The reservoir retention period for floodwater storage is 252 days and the watershed 
to lake surface area ratio is 33:1 at conservation pool and 17:1 at spillway elevation. Mean 
depth at conservation pool is 5.8 m and 7.9 m at crest elevation whereas maximum depth at 
conservation pool is 14.9 m and 22.6 m at crest elevation. The shoreline is irregular with 
many small embayments (shoreline development index = 7.3). Thermal stratification 
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develops only during hot, still days during brief periods in the summer. Walleye in Rathbun 
Lake are sustained entirely through stocking fry and advanced fingerlings (Mitzner 2002) and 
the lake is in important source of broodstock for the Iowa Department of Natural Resources 
for Walleye stocking throughout the state. Other sport fish present in Rathbun Lake include 
White Pomoxis annularis and Black Crappie P. nigromaculatus, Channel Catfish Ictalurus 
punctatus, White Bass Morone chrysops, Largemouth Bass Micropterus salmoides, Bluegill 
Lepomis macrochirus, and Flathead Catfish Pylodictis olivaris. 
Walleye were sampled during the first two weeks of April from 1990 through 2000 
(Table 1) primarily near the dam face during 4 h sets using bottom-set multifilament nylon 
gill nets (30.5 m long by 1.8 m deep, 64-mm bar mesh). Walleye spawning is generally 
limited to locations on or near the dam in Midwestern reservoirs (Martin et al. 2012) and few 
Walleye have been captured in Rathbun Lake in other locations during exploratory sampling 
(M. Flammang, Iowa DNR, unpublished data). Twenty-five 4 hour net sets were fished two 
times each night (50 net sets per night) for 7 to 20 nights with an average of 13 nights each 
year. Although some smaller individuals were captured and included in the dataset, large bar 
mesh limits catches primarily to individuals >410 mm (99.3% of all individuals captured; 
minimum length captured = 300 mm) and >3 years of age (M. Flammang, Iowa DNR, 
unpublished data). Mark-recapture analysis assumes that tagged individuals are representative 
of the population. Thus, our results may not be representative of smaller (<410 mm), younger 
individuals that may have different survival or emigration probabilities (Weber et al. 2013). 
Upon capture, Walleye were taken to Rathbun Fish Hatchery, Moravia, IA (4 km from the 
boat ramp on Rathbun Lake) for spawning where eggs and milt were collected before 
Walleye were measured for length (mm) and weight (g), implanted with individually 
numbered Visual Implant (VI) Alpha tags under the skin in the mandible, and returned to the 
lake.  
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Individual Walleye encounter histories (annual 1=presence or 0=absence data for each 
individual) during 1990-2010 were analyzed in Program MARK (White and Burnham 1999) 
using the live capture-recapture multistate model to generate maximum-likelihood estimates 
of survival (ϕ), detection probability (p), and transition probability (Ψ; White et al. 2006). 
The multistate model is an extension of the Cormack-Jolly-Seber live recapture model 
extended for multiple areas. However, instead of apparent survival which is estimated with 
the Cormack-Jolly-Seber model, the multistate model provides an estimate of true survival. 
Multistate models also allows simultaneous inference and separation of survival and location 
by estimating emigration between possible states (physical locations for Walleye being 
located in either Rathbun Lake or the tailrace in this instance). Assumptions regarding 
tagging of individuals in capture-recapture studies are that tagged individuals are 
representative of the population of inference, number of fish tagged is known, the processing 
of collecting and tagging fish does not influence survival, no tags are lost and all tags are 
correctly identified, recaptures and new releases are made during brief time periods relative 
to the interval being estimated, fates of individuals are independent, individuals in a tagging 
cohort have an equal probability of survival and recapture probability for a given time 
interval, and all individuals are available for capture (White et al. 2006).   
In instances where animals are not all available for capture because they occupy 
locations outside of the sampling area, unobservable states can be used to account for times 
or locations where not all potential locations are sampled (p = 0; Kendall and Nicholls 2002; 
Kendall 2004), resulting in unbiased survival, emigration, and detection probabilities (Schaub 
et al. 2004). We designed the multistate model here so that Walleyes could occur in one of 
two possible locations within the multistate model: Rathbun Lake that was sampled annually 
each spring, or in the tailrace where sampling never occurred and subsequently was treated as 
an unobservable state (p=0; Kendall and Nicholls 2002; Kendall 2004).  
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Annual spring sampling in Rathbun Lake resulted in each tagged Walleye having an 
encounter history consisting of a series of ‘1’s and ‘0’s to describe when a Walleye was or 
was not recaptured each year from 1990-2000. An example of a Walleye encounter occasion 
in Rathbun Lake is 11000010000, where an individual Walleye was tagged and released in 
Rathbun Lake on occasion 1 (April 1990) and recaptured in Rathbun Lake on occasions 2 
(April 1991) and 7 (April 1996). On occasions 3-6, the Walleye was alive in Rathbun Lake 
(because it was sampled in Rathbun Lake on occasion 7) but was not detected. On occasions 
8-11, the Walleye was not sampled: possible explanations for this period include the Walleye 
survived (ϕ) in Rathbun Lake but not detected as on occasions 3-6, the Walleye had died 
during one of the time intervals (1- ϕ), or the Walleye had emigrated during one of the time 
intervals (ΨLE). Walleye tagged and released into Rathbun Lake survive with probability ϕi, 
are faithful to the lake with probability ΨLL, and are recaptured in Rathbun Lake with the 
probability pk during annual spring sampling. The probability that an individual emigrated 
from the lake (ΨLE) is estimated as (1- ΨLL). When emigration is permanent, as in the case of 
reservoir Walleye, survival probability is estimated as the product of true survival and site 
fidelity (Kendall 2004). Because Walleyes could not move from the tailrace to Rathbun Lake 
(ΨEL), emigration probabilities possible during i are the probability of remaining in the lake 
(ΨLL) and emigrating from the lake to the tailrace (ΨLE). Consequently, transition probability 
of individuals from the tailrace to the lake (ΨEL) was fixed at zero. Emigration can then be 
estimated separately from survival as 
   
           
           
 
 
   
 
 
 
 
   
 
 
 
 
 
where ϕ i is the probability that a marked individual has survived from i to i + 1, Ψ
LE
 is the 
probability that a marked individual has emigrated from the study area between i and i + 1, 
ΨEL is the probability that a marked individual has immigrated (returned) to the study site 
between i and i + 1 (probability of 0 in this instance for permanent emigration), and pi  is the 
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probability that a marked individual is recaptured at i, given that it is alive and in the 
observable state at i (Kendall 2004; Schaub et al. 2004). The matrix and vector subscript t 
denotes time dependence.  
 While unobservable states are extremely useful in models where animals experience 
temporary or permanent emigration, a drawback is that not all parameters in the unobservable 
state can be estimated and need to be set equal to other parameters either across time or 
between groups (Kendall 2004; Schaub et al. 2004). Thus, survival probability of Walleye in 
the unobservable tailrace state was set equal to survival of Walleye in Rathbun Lake because 
it could not be estimated directly (Kendall 2004). However, tailrace Walleye survival was not 
a parameter of interest, but fixing survival in these two states equal to one another resulted in 
accurate estimates of Walleye survival in Rathbun Lake and emigration rates to the tailrace, 
the two parameters of we were interested in estimating.  
 We hypothesized that a suite of abiotic and biotic metrics were related to Walleye 
survival and emigration. First, we calculated 12 Rathbun Lake discharge metrics: annual 
mean, annual cumulative, annual coefficient of variation (CV), April mean, April maximum, 
April cumulative, April CV, and number of days/year discharge > 7, 14, 21, 28, and 35 m
3
/s 
to evaluate their potential different effects on Walleye emigration. We were also interested in 
the potential effects of Walleye sex (g), condition (relative weight; Wr), relative abundance 
(gill net CPUE), and temporal annual variation (i.e., year effect, t) on survival (ϕ). 
Additionally, we evaluated the effects of sex, day sampling started, number of days sampled 
(Effort), and annual variation (t) on detection probability (p). Due to the large number of 
variables that may affect survival, detection, and emigration through both additive and 
interaction models, running all possible model combinations was impractical and could 
provide spurious results (Burnham and Anderson 2002). Thus, we employed an approach 
where survival varied through time (t) and detection was sex (g) by time (t) dependent while 
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investigating the most supported emigration model structure. We then altered model structure 
for detection probability while not manipulating survival, followed by manipulating survival 
model structure while retaining the most supported structure for detection and emigration 
(Doherty et al. 2010). Linear models were fit in Program MARK using a logit scale, resulting 
in nonlinear curves following back-transformation. Hypotheses were stated in model form in 
Program MARK and compared using Akaike’s Information Criterion corrected for small 
sample size (AICc; Burnham and Anderson 2002). Because a reliable goodness-of-fit statistic 
does not exist for multistate models, model selection was determined with AICc rather than 
QAICc. Models with lower AICc values were considered more parsimonious and closer to the 
unknown ‘truth’. Akaike weights (Wi) were also calculated to address potential uncertainty 
concerning the selection of the top model (Burnham and Anderson 2002). Annual Walleye 
survival estimates were then corrected for annual tag loss (16%; Meerbeek et al. 2013) by 
dividing the estimates by the probability that a Walleye retained a tag (Pollock et al. 1990).  
 
Results 
Walleye were sampled for a total of 127 nights between 1990 and 2010. Mean catch 
per unit effort (number per 4 hour net set) ranged from 1.1 fish in 1990 to 4.7 fish in 1999 
(Table 1). An average of 935 (± 87 SE) male and 688 (± 50 SE) female Walleye were 
captured each year with a total of 12,317 individual Walleye captured and tagged (Table 1) 
and a total of 4,651 Walleye recaptures occurring throughout the study (Table 2). Between 
317 and 684 Walleye recaptures occurred each spring, with number of recaptures generally 
increasing through time during the study (Table 2). More male than female Walleye tended to 
be recaptured within each year, with a total of 1,507 female and 3,144 male Walleye 
recaptures occurring from 1990-2000 (Table 2). Walleye condition (Wr) was high throughout 
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the study but tended to be higher for females (mean = 106 ± 2 SE) than males (mean = 93 ± 1 
SE; Table 1).   
A total of 46 different model combinations were compared to evaluate factors 
influencing Walleye survival, detection, and emigration. Four models had ΔAICc scores < 
2.0 and Wi >0.10 indicating substantial support (Table 3). The most supported model (ΔAICc 
= 0) indicated that Walleye survival was time dependent and detection probability varied 
between males and females and through time (Table 3). Annual survival rates ranged from 
0.54 in 1990 to 0.95 in 1991 and 1997 (Figure 1). There was some evidence suggesting that 
survival differed between males and females (model 3), but the sex effect appeared in only 
one of the top five models, suggesting there was likely little difference in survival between 
sexes. Male Walleye detection probability was generally two times higher than female 
Walleye detection probability (Figure 2): male Walleye detection probability was lowest in 
1996 (0.48) and highest in 1994 (0.67) whereas female detection probability was lowest in 
1992 (0.09) and highest in 1993 (0.34). Alternative models that included the effects of 
sampling start date and number of net nights (Effort) on detection probability were not 
supported (models 43-46, ΔAICc > 125, Wi  = 0.0), indicating that minor annual variation in 
sampling effort had little effect on Walleye detection rates.   
The most supported model indicated that male and female Walleye emigration rates 
were different from one another and most strongly affected by mean April discharge and 
number of days discharge >14 m
3
/s (Figure 3). Male Walleye emigration was higher than 
female emigration when mean April discharge was <15 m
3
/s but female Walleye emigration 
was higher in 1993 when mean April discharge was 28 m
3
/s. Similarly, male emigration was 
higher than females with <250 days of discharge >14 m
3
/s per year. However, during extreme 
flooding throughout the Midwest in 1993 when there were 288 days discharge >14 m
3
/s per 
year at Rathbun Lake, females had higher emigration than males. We also evaluated the 
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potential effects of ten other discharge metrics (annual mean, annual cumulative, annual 
coefficient of variation (CV), April maximum, April cumulative, April CV, and number of 
days/year discharge > 7, 21, 28, and 35 m
3
/s) on Walleye emigration. Walleye emigration 
increased with number of days discharge > 7, 21, 28, and 35 m
3
/s (Figure 4), but models 
containing these alternative metrics of discharge received little support (ΔAICc > 3, Wi  < 
0.05). 
Walleye mortality was generally similar to or higher than emigration estimates each 
year (Figure 5). Based on 95% confidence intervals, Walleye mortality and emigration were 
similar in 1991, 1992, 1993, 1995, and 1997 (Figure 5).  However, mortality was higher than 
female and male Walleye emigration in 1994, 1996, 1998, and 1999.   
 
Discussion 
Historically, low survival of stocked fry and fingerling Walleye was identified as the 
primary cause of decreasing Walleye abundance at Rathbun Lake during the early 1980s 
(Mitzner 2002). More recently, emigration of reservoir fishes has been identified as an 
additional factor that may threaten the sustainability of reservoir fisheries (Weber et al. 2013; 
Wolter et al. 2013; this study). Unlike lotic environments where downstream fish passage of 
juvenile fishes is vital to allow for their eventual return upstream (e.g., Perry et al. 2010), 
reservoir emigration is unidirectional, with no way for Walleye to return to reservoirs. Thus, 
emigration combined with intermittent poor recruitment may result in the depletion of 
reservoir Walleye populations, with implications for the sustainability of these fisheries.   
Conventionally, adult Walleye survival rates are thought to be a primary factor 
regulating populations. In Rathbun Lake, Walleye total annual mortality ranged from 6-46%. 
Walleye total annual mortality rates in other systems [Kansas: 40-60% (mean=51%), Quist et 
al. 2004; Pennsylvania: 32-41%, Kocovsky and Carline 2001; Michigan and Ohio: 34-71%, 
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Hayden et al. 2018] can also be highly variable. However, variation in Walleye survival in 
Rathbun Lake was not related to Walleye condition or relative abundance, suggesting that 
survival is not regulated by density-dependent processes. Typically, density-dependent 
mortality affects populations at high densities (Allen et al. 1998), whereas Walleye density in 
Rathbun Lake was low and fish condition was high. Thus, density-dependence likely had 
little effect on Walleye mortality rates and instead, other factors were likely more important 
in regulating the population. Walleye is a popular sportfish for consumptive anglers and 
harvest rates are thought to regulate populations in some instances (e.g., Stone and Lott 2002; 
Quist et al. 2004). However, Walleye harvest at Rathbun Lake was relatively low (mean =1 
fish/ha/year (± 0.17 SE) from 1972-1997; Schultz 2008) and Walleye harvest mortality can 
be compensatory, where increases in harvest reduces natural mortality (Hansen et al. 2011). 
Therefore, harvest likely had little influence on Walleye mortality in Rathbun Lake during 
this time period.  
Although rarely considered, fish emigration may also have a large influence on 
reservoir populations. For instance, reductions in entrainment were hypothesized to be more 
successful for the recovery of a Sauger Sander canadensis population on the Yellowstone 
River compared to more restrictive harvest regulations (Jaeger et al. 2005). Here, Walleye 
emigration rates from Rathbun Lake were comparable to mortality rates in five of nine years. 
Previously, reservoir Walleye abundance and recruitment has been inversely related to 
discharge rates, suggesting high emigration in these systems (Willis and Stephen 1987). 
Although emigration of warmwater reservoir fishes has received little attention (but see 
Weber et al. 2013; Wolter et al. 2013), substantial Walleye movement among lakes has been 
documented, varying between 1-42% in Michigan, USA (Herbst et al. 2016) and 0-50% in 
Wisconsin, USA (Rasmussen et al. 2002). Reservoir fish emigration results in the 
irreplaceable loss of individuals from the population, operating in a similar manner to harvest 
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or natural mortality rates. Walleye emigration from Rathbun Lake was previously estimated 
at more than 25% from June 2009 through March 2011 (Weber et al. 2013), but other 
quantitative estimates of reservoir Walleye emigration are sparse. Nearly 30% (19,000 
Walleye over five years) of a Walleye population escaped Berlin Reservoir, Ohio, with more 
than 40% of those fish dying due to emigration injuries (Armbruster 1962). Additionally, 
more than 67,000 Sauger are entrained in irrigation diversions of the Yellowstone River 
annually (Hiebert et al. 2000), with entrainment estimates ranging from 6-9%, resulting in 
more of an effect on the population than mortality (Jaeger et al. 2005). Finally, Walleye 
population density in Kansas reservoirs were inversely related to reservoir discharge (Willis 
and Stephen 1987). Although the relative effects of emigration versus mortality for regulating 
reservoir fish populations has not been previously evaluated, our results, along with other 
anecdotal reports, suggest that emigration can be an important factor regulating reservoir 
Walleye populations. 
A variety of factors may influence fish emigration rates, including season, discharge, 
fish size, age and species, and type of reservoir control structure. Fish emigration rates may 
be intermittent, occurring during periods of seasonal congregation near outlet structures 
(Martins et al. 2014) and during rain events at unregulated water control structures (Lewis et 
al. 1968; Wolter et al. 2013), or year round through regulated water control structures (Weber 
et al. 2013). Emigration of several species, including Walleye, has been suggested to occur 
primarily during spring spawning periods (Lewis et al. 1968; Groen and Schroeder 1978; 
Powell and Spencer 1979; Wolter et al. 2013). Our results suggest that mean April discharge 
is a better predictor of emigration rates compared to several alternative discharge metrics, 
indicating that emigration may be occurring primarily during the spring when Walleye gather 
on rip rap covered dams for spawning. Male Walleye tend to occupy spawning areas for 
longer periods of time than females (Foust and Haynes 2007) that may explain why they had 
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higher detection rates and emigration rates from Rathbun Lake during all but one of the years 
evaluated here.  
In addition to intraannual variation, emigration rates likely vary interannually due to 
variation in precipitation and subsequent reservoir discharge patterns. However, most 
emigration evaluations are short term (1-2 years) and little is known regarding annual 
variation in fish emigration. Here, annual Walleye emigration from Rathbun Lake varied 
between 2-26% due to variation in reservoir discharge. Maximum discharge during this 
period was 27 m
3
/sec and occurred during April 1993, a year of historic rainfall and flooding, 
resulting in up to 15 times higher emigration compared to other years. However, emigration 
rates may not be linearly related to discharge. Discharge thresholds have been previously 
observed, below which emigration is low and above which emigration increases 
exponentially (Groen and Schroeder 1978; Navarro and McCauley 1993; Weber et al. 2013). 
Here, Walleye emigration rates were relatively static (5% for females, 10% for males) with 
fewer than 200 days discharge <14 m
3
/sec but increased exponentially with the number of 
days discharge surpassed this threshold. Similarly, Walleye emigration was 26% at Rathbun 
Lake in 2011 when mean April discharge was 29 m
3
/s and with 235 days discharge >14 m
3
/s 
(Weber et al. 2013). Iowa experienced an 8% increase in precipitation from 1873 to 2008 
(Berendzen et al. 2011). Increases in precipitation will require higher reservoir discharge 
rates over longer periods of time. Consequently, the US Army Corps of Engineers recently 
revised the Rathbun Lake Reservoir Operation Manual in 2016 to allow for increases in their 
maximum water discharge rate. Because the relationship between discharge and Walleye 
emigration was exponential, any increases in release rates may have substantial effects on the 
population but will need to be evaluated in the future.   
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The use of a long-term mark-recapture dataset allowed us to evaluate long-term 
Walleye survival and emigration from Rathbun Lake in relation to a suite of environmental 
conditions. Multistate capture-recapture models have a suite of assumptions that need to be 
met for the model to provide reliable estimates (White et al. 2006). While we are confident 
that we met most of these assumptions, some limitations existed that may have influenced our 
results. First, the majority of Walleye in this study were captured on the face of the dam 
during spring spawning. Extensive sampling has occurred throughout the reservoir and few 
adult Walleye have been captured at other locations (M. Flammang, Iowa DNR, unpublished 
data). Thus, the majority of sampling occurred on the dam to maximize catches for hatchery 
production purposes. Walleye can display high spawning site fidelity (Hayden et al. 2018), 
indicating that Walleye that were captured on the dam and tagged likely returned to the same 
location annually. If Walleye did not display site fidelity to sampling locations, our estimates 
of detection probability would have been low, which was not the case, but it would have not 
affected our estimates of survival and emigration. However, if Walleye are using other parts 
of the reservoir during the spring, our results may not be reflective of the population at large, 
but only the portion of the population that gathers near the dam during the spring. Second, 
upon capture, Walleye were transferred to Rathbun Lake Fish Hatchery for gamete removal 
before being tagged and returned to the lake. While we observed minimal mortality during 
this process and adult Walleye survival 5 d after gamete removal is high (94%; Blackwell et 
al. 2018), unobserved delayed mortality resulting from stress associated with handling may 
have resulted in some mortality of tagged fish. Finally, large mesh gill nets were used to 
capture and tag larger, mature Walleye that were spawning. Thus, our results are only 
applicable of these larger individuals and may be not relevant to smaller individuals that 
could have different emigration rates (Weber et al. 2013). Beyond model assumptions, 
Rathbun Lake tailrace was not sampled during this period to directly estimate Walleye 
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emigration. While unobservable states are able to provide accurate estimates of emigration to 
areas where sampling is not possible (Kendall 2004; Schaub et al. 2004) and previous tailrace 
sampling at Rathbun has observed high number of Walleye that had emigrated from the 
reservoir (Weber et al. 2013), future work should prioritize sampling in both states to verify 
emigration and improve estimates. 
The emigration of some fishes through dams is considered beneficial due to increases 
in population connectivity and the creation of tailrace fisheries (Schultz et al. 2003; Pracheil 
et al. 2015). However, stream habitat characteristics (e.g., depth, substrate, flow, temperature) 
may be unsuitable for escaped fishes below reservoirs, potentially resulting in high mortality 
rates of individuals that have emigrated. Thus, substantial interest exists in developing 
strategies for reducing fish emigration. Two primary tools exist that could help minimize 
reservoir fish emigration: reservoir discharge manipulation and fish barriers. In some 
instances, reservoir water levels can be manipulated to influence fisheries. As an example, 
Wolter et al. (2013) recommended that springtime reservoir releases occur primarily during 
the night because Muskellunge Esox masquinongy were more likely to escape during the day. 
Second, fish barriers may be a tool to reduce fish emigration rates in some instances. 
Historically, physical barriers have been identified as effective for reducing spillway fish 
emigration but were plagued by debris and required constant maintenance (Powell and 
Spencer 1979). More recently, anecdotal information suggests that these simple structures 
may be an effective tool for managing emigration of fishes over reservoir spillways (M. 
Weber, Iowa State University, unpublished data). While this design can be relatively easily 
installed and effective on spillways, physical bar barriers are unlikely to be effective in 
reservoirs that are regulated by mid- or bottom-draw control structures located in deep water 
(>10 m). Thus, developing and installing barriers in these types of reservoirs will likely be 
more challenging. Non-physical barriers (e.g., sound, light, bubble, electric) have been 
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evaluated and may reduce emigration rates of reservoir fishes in these instances (Flammang 
et al. 2014: Weber et al. 2016) but require additional field testing to determine their 
effectiveness in these challenging situations.  
 Conventional fisheries management has focused on the loss of individuals through 
mortality, primarily due to harvest. More recently, there has been a growing aggregate of 
evidence that emigration can be an important component of fish loss from reservoirs that has 
previously received little attention. Here, we show that reservoir Walleye emigration is as 
important as mortality for a reservoir Walleye population in many instances. We also tested 
multiple hypotheses regarding factors influencing emigration rates and found that they were 
best explained by mean April discharge and the number of days discharge >14 m
3
/s. Finally, 
the effect of reservoir fish emigration is likely to increase in the future as precipitation events 
are predicted to be larger and more intense. Consequently, minimizing emigration of 
Walleyes from reservoirs would assist managers in reducing hatchery production costs while 
also stabilizing and maintaining these important fisheries and increasing angler satisfaction.   
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Table 1. Number of male and female Walleye captured with large mesh gill nets (64-mm 
mesh) from 1990-2000 at Rathbun Lake, Iowa. Number of days sampling occurred, number 
of Walleye captured per 4 hour net set (CPUE), and Walleye condition (Wr) are also 
provided.  
Year 
Days 
netted 
Male 
Walleye 
captured 
Female 
Walleye 
captured 
Total 
Walleye 
captured 
CPUE 
(number/4
hr net set) 
Male 
Wr 
Female 
Wr 
1990 13 305 432 737 1.1 90 93 
1991 15 645 764 1,409 2.1 91 98 
1992 7 715 497 1,212 3.7 87 104 
1993 11 768 548 1,316 2.4 90 103 
1994 13 721 643 1,364 2.1 92 109 
1995 12 587 430 1,017 1.7 92 107 
1996 11 1,108 847 1,955 3.8 95 108 
1997 15 1,340 674 2,014 2.8 98 112 
1998 10 1,079 725 1,804 4.0 95 109 
1999 9 1,172 873 2,045 4.7 94 106 
2000 11 1,214 881 2,095 4.0 94 107 
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Table 2. Number of female and male Walleye tagged and recaptured in Rathbun Lake, Iowa 
from 1990-2000. 
Year Sex 
Number 
Tagged 
Number 
Recaptured          
    
  
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
Total 
Recaptured 
1990              
 Female 432 67 16 19 10 5 6 3 2 0 0 128 
 Male 305 80 42 32 25 15 7 6 6 3 2 218 
1991              
 Female 697 . 45 47 42 22 14 6 5 10 2 193 
 Male 565 . 179 112 81 51 33 18 10 5 2 491 
1992              
 Female 436 . . 25 16 13 5 3 3 2 1 68 
 Male 494 . . 93 71 30 28 11 10 1 5 249 
1993              
 Female 457 . . . 91 66 48 24 25 12 8 274 
 Male 531 . . . 168 102 41 41 30 14 5 401 
1994              
 Female 484 . . . . 57 53 15 26 20 10 181 
 Male 376 . . . . 80 50 36 24 16 10 216 
1995              
 Female 267 . . . . . 41 19 29 13 8 110 
 Male 309 . . . . . 79 62 34 27 12 214 
1996              
 Female 680 . . . . . . 62 55 32 20 169 
 Male 870 . . . . . . 211 123 60 44 438 
1997              
 Female 542 . . . . . . . 87 44 44 175 
 Male 955 . . . . . . . 247 127 78 452 
1998              
 Female 493 . . . . . . . . 71 42 113 
 Male 595 . . . . . . . . 123 96 219 
1999              
 Female 669 . . . . . . . . . 96 96 
 Male 796 . . . . . . . . . 246 246 
2000              
 Female 650 . . . . . . . . . . . 
 Male 714 . . . . . . . . . . . 
              
Total Female 
       
5,807  67 61 91 159 163 167 132 232 204 231          1,507  
  Male 
       
6,510  80 221 237 345 278 238 385 484 376 500          3,144  
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Table 3. Multistate models used to estimate apparent annual survival (ϕ), detection probability (p), and emigration probability (ψ) of Walleye in 
Lake Rathbun, Iowa from 1990-2000. Effects evaluated influencing ϕ, p, or ψ include sex (g), time (t), Walleye condition (Wr), annual mean 
discharge (Mean Discharge), annual cumulative discharge (Cum Discharge), coefficient of annual discharge (CV Discharge), April mean 
discharge, April maximum discharge (April Max Discharge), April cumulative discharge (April Cum Discharge), coefficient of variation of 
discharge in April (April CV discharge), and number of days discharge surpassed 7, 14, 21, 28, and 35 m
3
/s. K = number of parameters included 
in the model. Only the top 8 of 46 models are presented where AICc weight >0.02. 
Model AICc ΔAICc AICc 
Weight 
Model 
Likelihood 
K 
ϕ (t) p(g*t) ψ(g* April Mean Discharge * Discharge >14) 24419.67 0.00 0.26 1.00 37 
ϕ (t) p(g*t) ψ(g* Discharge >14) 24420.30 0.64 0.19 0.73 35 
ϕ (g + t) p(g*t) ψ(g* April Mean Discharge * Discharge >14) 24420.76 1.09 0.15 0.58 38 
ϕ (t) p(g*t) ψ(g* April Mean Discharge * Discharge >7) 24421.35 1.68 0.11 0.43 37 
ϕ (t) p(g*t) ψ(g* Discharge >21)} 24422.82 3.15 0.05 0.21 35 
ϕ (t) p(g*t) ψ(g* Mean Discharge * April Mean Discharge * 
Discharge >7) 24423.15 3.48 0.05 0.18 39 
ϕ (t) p(g*t) ψ(g* Discharge >14 * April Max Discharge) 24423.43 3.77 0.04 0.15 37 
ϕ (t) p(g*t) ψ(g* April Mean Discharge * Discharge >14 * CV 
Discharge) 24424.71 5.05 0.02 0.08 39 
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Figure 1. Walleye annual survival rates (mean ± 95% confidence intervals) in Rathbun Lake, 
Iowa between 1990 and 2000. 
 
Figure 2. Annual detection probability (mean ± 95% confidence intervals) of male (white 
circle) and female (black circle) Walleye in Rathbun Lake, Iowa. 
 
Figure 3. Relationship between mean April discharge (m
3
/sec; top) and number of days 
discharge was greater than 14 m
3
/sec (bottom) for female (black circle) and male (white 
circle) Walleye emigration at Rathbun Lake, Iowa during 1990-2000 based on the most 
supported model ((ϕ (t) p(g*t) ψ(g* April Mean Discharge * Discharge >14); see Table 3).  
 
Figure 4. Relationship between Walleye emigration and number of days discharge > 7 (black 
circle), 14 (white circle), 21 (black triangle), 28 (white triangle), and 35 (black square) m
3
/sec 
from 1990-2000 at Rathbun Lake, Iowa. Relationships between emigration and discharge are 
based on the model ϕ (t) p(g*t) ψ(Discharge >XX m3/s) (models ranked 38 - 42). Of these 
five different discharge metrics, the model with discharge >14 m
3
/sec received the most 
support. 
 
Figure 5. Walleye mortality (grey, hashed lines) compared to female (black) and male (white) 
Walleye emigration rates (mean ± 95% confidence intervals) from Rathbun Lake, Iowa from 
1990-2000. 
  
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Figure 1. 
 
  
1990 1992 1994 1996 1998 2000
S
u
rv
iv
al
0.0
0.2
0.4
0.6
0.8
1.0
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Figure 2.   
  
1990 1992 1994 1996 1998 2000
D
et
ec
ti
o
n
 p
ro
b
ab
il
it
y
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Female
Male
Year vs Female P 
Year vs Male P 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Figure 3.  
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Figure 4.  
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